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PHOSPHATASES WITH IMPROVED PHYTASE ACTIVITY 

The present application claims the benefit of U.S. Provisional Patent 
5 Application Serial No. 60/1 27,032, filed March 3 L 1 999. 

BACKGROUND OF THE INVENTION 

Phytases are /nyo-inositol hexakisphosphate phosphohydrolases that 

1 0 catalyze the stepwise removal of inorganic orthophosphate from phytate (myo- 
inositol hexakisphosphate) (1). There are two types of phytases. One is called 3- 
phytase (EC.3.1.3.8) which initiates the removal of phosphate groups at the 
positions 1 and 3 of the myo-inositol ring. The other is called 6-phytase 
(EC.3. 1.3.26) which first frees the phosphate at the position 6 of the ring. While 

1 5 no phytase has been identified from animal tissues, plants usually contain 6- 
phytases and a broad range of microorganisms, including bacteria, filamentous 
fiingi, and yeast, produce 3-phytases (2-9). Because over 70% of the total 
phosphorus in foods or feeds of plant origin is in the form of phytate that is poorly 
available to simple-stomached animals and humans, phytases are of great uses in 

20 improving mineral nutrition of these species (10-16). Supplemental microbial 
phytases in diets for swine and poultry effectively enhance bioavailability of 
phytate phosphorus and reduce the need for inorganic phosphorus 
supplementation (11-15), resulting less phosphorus pollution in areas of intensive 
animal production (8-15). However, a relatively high level of phytase 

25 supplementation is necessary in animal diets (10-1 6), because a considerable 
amount of the enzyme is degraded in stomach and small intestine (13), probably 
by proteolysis of pepsin and trypsin. Meanwhile, the proteolytic profiles of 
various phytases were not studied. Clearly, a better understanding of their 
sensitivities to trypsin and pepsin hydrolysis could be helpful for improving the 

30 nutritional value of phytases. Aspergillus niger phytase gene (phyA) has been 
overexpressed in its original host (17) and the recombinant enzyme (r-PhyA, EC 
3.1.3.8) has been used in animal diets as a commercial phytase (13, 14). This 
enzyme is a glycoprotein of approximately 80 kDa. Escherichia coli pH 2.5 acid 
phosphatase gene (appA) has also been characterized (18, 19). Animal 
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experiments have demonstrated that the recombinant enzyme (r-AppA, EC: 
3.1.3.2) is as effective as r-PhyA in releasing phytate phosphorus in animal diets 
(14). 

But, expenses of the limited available commercial phytase supply and the 
5 activity instability of the enzyme to heat of feed pelleting preclude its practical use 
in animal industry. Therefore, there is a need for enzymes which have a high 
level of phytase activity and a high level of stability for use in animal feed. 

SUMMARY OF THE INVENTION 

10 

The present invention provides a phosphatase fragment having improved 
phytase activity. A fragment of a phosphatase having increased phytase activity is 
produced by treating the phosphatase with a protease. 

The invention further provides a recombinant gene encoding a phosphatase 
1 5 fragment having improved phytase activity. The vector consists of a promoter, a 
coding region encoding the phosphatase fragment, and a terminator. 

In another embodiment, the invention provides a method of increasing the 
phytase activity of phosphatase by treating the phosphatase with a protease. 
The invention also provides a phosphatase having improved phytase 
20 activity, which has an amino acid sequence as shown in SEQ. ID No. 1 . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows the change in phytase activity after protease digestion. 

25 Figure 1 A shows phytase activity changes of r-PhyA and r-AppA incubated with 
different ratios of trypsin/protein (w/w) (r - 0.001, 0.005, 0.01, and 0.025). 
Symbols: r-PhyA (■) and r-App A (•). The results are the mean ± SEM from 
five independent experiments. *indicates statistical significance (P < 0.01) versus 
untreated r-PhyA or r-AppA control. Figure IB shows phytase activity changes of 

30 r-PhyA and r-AppA incubated with different ratios of pepsin/protein (w/w) (r = 
0.001, 0.002, 0.005, and 0.01. Symbols: r-PhyA (□) and r-AppA (O). The 
results are the mean ± SEM from seven independent experiments. * indicates 
statistical significance (P < 0.01) versus untreated r-PhyA or r-AppA control. 
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Figure 2 shows residual phytase activity of r-PhyA and r-AppA after 
trypsin or pepsin hydrolysis during a time course (0, 1, 51 30, and 120 min). 
Symbols: trypsin-digested r-PhyA (■) or r-AppA (•); pepsin-digested r-PhyA 
(□) and r-AppA (O). The ratio of trypsin/phytase (w/w) used was: r = 0.01 

5 (w/w). The ratio of pepsin/phytase used was: r = 0.005. The results are the mean 
± SEM from six independent experiments. "indicates statistical significance (P < 
0.01) versus untreated r-PhyA or r-AppA control. 

Figure 3 shows the results of SDS-polyacrylamide gel electrophoresis of r- 
AppA (12%, Panel A) or r-PhyA (20%, Panel B) digested products by different 

10 amounts of trypsin (r = 0.001, 0.00 5, 0.01, and 0.025, (w/w). Proteins were 
stained using Coomasie blue. T: trypsin control, C: purified r-AppA (Panel A) 
or r-PhyA (Panel B). The protein marker (M) is a 10 kDa ladder [10, 20, 30, 40, 
50, 60, 70, 80, 90, 100, 1 10, 120, and 200 kDa) (Gibco). The results are 
representative from four independent experiments. 

1 5 Figure 4 shows the results from SDS-polyacrylamide gel (20%) 

electrophoresis of r-AppA (Figure 4A) or r-PhyA (Figure 4B) digested products 
by different amounts of pepsin (r = 0.001, 0.002, 0.005, and 0.01, (w/w)). 
Proteins were stained using Coomasie blue. T: trypsin control, C: purified r- 
AppA (Figure 4A) or r-PhyA (Figure 4B). The protein marker (M) is a 10 kDa 

20 ladder [10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 1 10, 120, and 200 kDa) (Gibco). 
The results are representative from six independent experiments. 

Figure 5 shows the amounts of inorganic phosphorus (iP) released from 
soybean meal by r-PhyA and r-AppA incubated with different concentrations of 
trypsin (r = 0.001, 0.005, 0.01, and 0.025, w/w) (Figure 5 A), or pepsin (r = 0.001, 

25 0.002, 0.005, and 0.01) (Figure 5B). Symbols: r-AppA (■), r-PhyA (□). The 
results are the mean SEM from three independent experiments. * indicates 
statistical significance (P < 0.01) versus untreated r-AppA or r-PhyA control. 

Figure 6 shows the nucleotide sequence of the appA2 gene and its deduced 
amino acid sequence. The untranslated region is indicated by lowercase letters. 

30 The underlined sequences are the primers used to amplify appA2 (Pfl : 1 -22, and 
K2: 1468-1490), appA2 (E2: 243-252, and K2: 1468-1490). Potential N- 
glycosylation sites are boxed. The sequence of appA2 has been transmitted to 
Genebank data library with accession number 250016. 
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Figure 7 is a time course of extracellular phytase (□) and acid phosphatase 
(O) activities, and CIPPA2 mRNA expression (A) in Pichia pastoris transformed 
with appA2 after induction. Results are expressed as the mean ± SEM from three 
experiments. 

5 Figure 8 shows a northern blot analysis of appA2 mRNA expression in 

Pichia pastoris transformed with appA2 after induction (Figure 8A). 
Hybridization was realized using [a- 32 P] labeled appA2 as a probe. Twenty \ig of 
total RNA was loaded per lane. Panel B represents the equal RNA loading 
visualized by the yeast rRNA under UV. 
10 Figure 9 shows the pH dependence of the enzymatic activity at 37°C of the 

purified r-appA2 (•), r-appA (A) , and r-phyA (□) with sodium phytate as the 
substrate. Buffers: pH 1.5-4.5, 0.2M glycine-HCl; pH 5.5-7.5, 0.2 M citrate; pH 
8.5-1 1 , 0.2 M Tris-HCl. Results are expressed as the mean SEM from three 
experiments. 

1 5 Figure 1 0 shows a non-denaturing gel ( 1 5%) electrophoresis analysis of 

the remaining acid phosphatase activity of r-appA2 after incubated at different 
temperatures for 20 min. After the heat treatment, the samples were put on ice for 
5 min before being loaded onto the gel (200 \xg protein/lane). 

Figure 1 1 shows the hydrolysis of phytate phosphorus in soybean meal by 

20 different amounts (100, 300, 600, and 900 PU) of purified r-appA2 (•), r-appA 
(A), and r-phyA (□) enzymes. * indicates significant differences (P < 0.05) 
between r-appA2 and other two enzymes. Results are expressed as the mean ± 
SEM from three experiments. 

25 DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides phosphatases having improved phytase 
activity. 

One embodiment of the invention provides a phosphatase fragment having 
30 improved phytase activity. The phosphatase is treated with a protease and 

fragments having phosphatase activity are selected. As discussed in further detail 
below, these fragments, have improved phytase activity compared to the full 
length peptide. 
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In a preferred embodiment, the protease is pepsin. 

In addition to producing the active fragment by proteolysis of the full 
length peptide, the present invention also provides a recombinant gene having a 
promoter, a coding region encoding the phosphatase fragment according to claim 
5 1, and a terminator. The recombinant gene can be used to express the truncated 
product directly. 

The improved phosphatases can by used in animal feed to improve the 
accessibility of phosphate to the animal. 

In addition to the phosphatase, the invention provides a method of 
1 0 increasing the phytase activity of phosphatase by treating the phosphatase with a 
protease. 

. In another embodiment, the invention provides a phosphatase having 
improved phytase activity, which has an amino acid sequence as shown in SEQ. 
ID No. 1 as shown in Figure 6. 

1 5 Preferably, the protein or polypeptide with phytase activity is secreted by 

the cell into growth media. This allows for higher expression levels and easier 
isolation of the product. The protein or polypeptide with phytase activity is 
coupled to a signal sequence capable of directing the protein out of the cell. 
Preferably, the signal sequence is cleaved from the protein. 

20 In a preferred embodiment, the heterologous gene, which encodes a 

protein or polypeptide with phytase activity, is spliced in frame with a 
transcriptional enhancer element. 

A preferred phosphatase is encoded by the appA gene of E. coli. The 
gene, originally defined as E. coli periplasmic phosphoanhydride 

25 phosphohydrolase (appA) gene, contains 1 ,298 nucleotides (GeneBank accession 
number: M58708). The gene was first found to code for an acid phosphatase 
protein of optimal pH of 2.5 (EcAP) in E. coli. The acid phosphatase is a 
monomer with a molecular mass of 44,644 daltons. Mature EcAP contains 410 
amino acids (18). Ostanin, et al. overexpressed appA in & coli BL21 using a pT7 

30 vector and increased its acid phosphatase activity by approximately 400-folds 
(440 mU/mg protein) (20). The product of the appA gene was not previously 
known to have phytase activity. 
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The phosphatase can be expressed in any prokaryotic or eukaryotic 
expression system. A variety of host- vector systems may be utilized to express the 
protein-encoding sequence(s). Preferred vectors include a viral vector, plasmid, 
cosmid or an oligonucleotide. Primarily, the vector system must be compatible 
5 with the host cell used. Host-vector systems include but are not limited to the 
following: bacteria transformed with bacteriophage DNA, plasmid DNA, or 
cosmid DNA; microorganisms such as yeast containing yeast vectors; mammalian 
cell systems infected with virus (e.g., vaccinia virus, adenovirus, etc.); insect cell 
systems infected with virus (e.g., baculovirus); and plant cells infected by 

1 0 bacteria. The expression elements of these vectors vary in their strength and 
specificities. Depending upon the host-vector system utilized, any one of a 
number of suitable transcription and translation elements can be used. 

Preferred hosts for expressing phosphatase include fungal cells, including 
species of yeast or filamentous fungi, may be used as host cells in accordance 

1 5 with the present invention. Preferred yeast host cells include different strains of 
Saccharomyces cerevisiae. Other yeasts like Kluyveromyces* Torulaspora, and 
Schizosaccharomyces can also be used. In a preferred embodiment, the yeast 
strain used to overexpress the protein is Saccharomyces cerevisiae. Filamentous 
fungi host cells include Aspergillus and Neurospora. 

20 In another embodiment of the present invention, the yeast strain is a 

methylotrophic yeast strain. Methylotrophic yeast are those yeast genera capable 
of utilizing methanol as a carbon source for the production of the energy resources 
necessary to maintain cellular function and containing a gene for the expression of 
alcohol oxidase. Typical methylotrophic yeasts include members of the genera 

25 Pichia, Hansenula, Torulopsis, Candida, and Karwinskia. These yeast genera can 
use methanol as a sole carbon source. In a preferred embodiment, the 
methylotrophic yeast strain is Pichia pastoris. 

A preferred embodiment of the invention is a protein or polypeptide 
having phytase activity with optimum activity in a temperature range of 57 to 

30 65°C. A more preferred embodiment is a protein or polypeptide having phytase 
activity, where its temperature range for optimum activity is from 58 to 62°C. 

Yet another preferred embodiment is a protein or polypeptide having 
phytase activity where the protein retains at least 40% of its activity after heating 
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the protein for 1 5 minutes at 80°C. More preferred is a protein or polypeptide 
having phytase activity where the protein retains at least 60% of its activity after 
heating the protein for 1 5 minutes at 60°C. 

Purified protein may be obtained by several methods. The protein or 
5 polypeptide of the present invention is preferably produced in purified form 
(preferably at least about 80%, more preferably 90%, pure) by conventional 
techniques. Typically, the protein or polypeptide of the present invention is 
secreted into the growth medium of recombinant host cells. Alternatively, the 
protein or polypeptide of the present invention is produced but not secreted into 

1 0 growth medium. In such cases, to isolate the protein, the host cell carrying a 
recombinant plasmid is propagated, lysed by sonication, heat, or chemical 
treatment, and the homogenate is centrifuged to remove cell debris. The 
supernatant is then subjected to sequential ammonium sulfate precipitation. The 
fraction containing the polypeptide or protein of the present invention is subjected 

1 5 to gel filtration in an appropriately sized dextran or polyacrylamide column to 

separate the proteins. If necessary, the protein fraction may be further purified by 
HPLC. 

The present invention also provides a yeast strain having a heterologous 
gene which encodes a protein or polypeptide with phytase activity. The 

20 heterologous gene should be functionally linked to a promoter capable of 
expressing phytase in yeast and followed by a transcriptional terminator. 

Yet another aspect of the invention is a vector for expressing phytase in a 
host. The vector carries a phosphatase gene which encodes a protein or 
polypeptide with phytase activity. 

25 For cloning into yeast, the gene can be cloned into any vector which 

replicates autonomously or integrates into the genome of yeast. The copy number 
of autonomously replicating plasmids, e.g. YEp plasmids may be high, but their 
mitotic stability may be insufficient (48). They may contain the 2 mu-plasmid 
sequence responsible for autonomous replication, and an £. coli sequence 

30 responsible for replication in E. coli. The vectors preferably contain a genetic 
marker for selection of yeast transformants, and an antibiotic resistance gene for 
selection in E. coli. The episomal vectors containing the ARS and CEN 
sequences occur as a single copy per cell, and they are more stable than the YEp 
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vectors. Integrative vectors are used when a DNA fragment is integrated as one or 
multiple copies into the yeast genome. In this case, the recombinant DNA is 
stable and no selection is needed (49-5 1 ). Some vectors have an origin of 
replication, which functions in the selected host cell. Suitable origins of 
5 replication include 2[i, ARS 1 , and 25^M. The vectors have restriction 

endonuclease sites for insertion of the fusion gene and promoter sequences, and 
selection markers. The vectors may be modified by removal or addition of 
restriction sites, or removal of other unwanted nucleotides. 

The phytase gene can be placed under the control of any promoter (52). 

10 One can choose a constitutive or regulated yeast promoter. Suitable promoter 

sequences for yeast vectors include, among others, promoters for metallothionein, 
3-phosphoglycerate kinase (53) or other glycolytic enzymes (54), such as enolase, 
glyceraldehyde-3 -phosphate dehydrogenase, hexokinase, pyruvate decarboxylase, 
phosphofructokinase, glucose-6-phosphate isomerase, 3-phosphoglycerate mutase, 

15 pyruvate kinase, triosephosphate isomerase, phosphoglucose isomerase, and 

glucokinase. Other suitable vectors and promoters for use in yeast expression are 
further described in EP A-73,657 to Hitzeman, which is hereby incorporated by 
reference. Another alternative is the glucose-repressible ADH2 promoter (56, 57), 
which are hereby incorporated by reference. 

20 One can choose a constitutive or regulated yeast promoter. The strong 

promoters of e.g., phosphoglycerate kinase (PGK) gene, other genes encoding 
glycolytic enzymes, and the alpha -factor gene, are constitutive. When a 
constitutive promoter is used, the product is synthesized during cell growth. The 
ADH2 promoter is regulated with ethanol and glucose, the GAL-1-10 and GAL7 

25 promoters with galactose and glucose, the PH05 promoter with phosphate, and 
the metallothionine promoter with copper. The heat shock promoters, to which 
the HSP150 promoter belongs, are regulated by temperature. Hybrid promoters 
can also be used. A regulated promoter is used when continuous expression of the 
desired product is harmful for the host cells. Instead of yeast promoters, a strong 

30 prokaryotic promoter such as the T7 promoter, can be used, but in this case the 
yeast strain has to be transformed with a gene encoding the respective polymerase. 
For transcription termination, the HSP150 terminator, or any other functional 
terminator is used. Here, promoters and terminators are called control elements. 
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The present invention is not restricted to any specific vector, promoter, or 
terminator. 

The vector may also carry a selectable marker. Selectable markers are 
often antibiotic resistance genes or genes capable of complementing strains of 

5 yeast having well characterized metabolic deficiencies, such as tryptophan or 
histidine deficient mutants. Preferred selectable markers include URA3, LEU2, 
HIS3, TRP1, HIS4, ARG4, or antibiotic resistance genes. 

The vector may also have an origin of replication capable of replication in 
a bacterial cell. Manipulation of vectors is more efficient in bacterial strains. 

1 0 Preferred bacterial origin of replications are ColE 1 , OrL or oriT. 

A leader sequence either from the yeast or from phytase genes or other 
sources can be used to support the secretion of expressed phytase enzyme into the 
medium. The present invention is not restricted to any specific type of leader 
sequence or signal peptide. 

1 5 Suitable leader sequences include the yeast alpha factor leader sequence, 

which may be employed to direct secretion of the phytase. The alpha factor 
leader sequence is often inserted between the promoter sequence and the structural 
gene sequence (58; U.S. Patent No. 4,546,082; and European published patent 
application No. 324,274, which are hereby incorporated by reference). Another 

20 suitable leader sequence is the S. cerevisiae MF alpha 1 (alpha-factor) is 

synthesized as a prepro form of 165 amino acids comprising signal-or prepeptide 
of 19 amino acids followed by a "leader" or propeptide of 64 amino acids, 
encompassing three N-linked glycosylation sites followed by (LysArg(Asp/Glu, 
Ala)2-3 alpha-factor)4 (58). The signal-leader part of the preproMF alpha 1 has 

25 been widely employed to obtain synthesis and secretion of heterologous proteins 
in S. cerivisiae. Use of signal/leader peptides homologous to yeast is known from. 
U.S. Patent No. 4,546,082, European Patent Applications Nos. 1 16,201; 123,294; 
123,544; 163,529; and 123,289 and DK Patent Application No. 3614/83, which 
are hereby incorporated by reference. In European Patent Application No. 

30 123,289, which is hereby incorporated by reference, utilization of the S. cerevisiae 
a-factor precursor is described whereas WO 84/01 153, which is hereby 
incorporated by reference, indicates utilization of the Saccharomyces cerevisiae 
invertase signal peptide, and German Patent Application DK 3614/83, which is 
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hereby incorporated by reference, indicates utilization of the Saccharomyces 
cerevisiae PH05 signal peptide for secretion of foreign proteins. 

The alpha -factor signal-leader from Saccharomyces cerevisiae (MF alpha 
1 or MF alpha 2) may also be utilized in the secretion process of expressed 
5 heterologous proteins in yeast (U.S. Patent No. 4,546,082, European Patent 
Applications Nos. 16,201; 123,294; 123 544; and 163,529, which are hereby 
incorporated by reference). By fusing a DNA sequence encoding the S. 
cerevisiea MF alpha 1 signal/ leader sequence at the 5 f end of the gene for the 
desired protein secretion and processing of the desired protein was demonstrated. 

1 0 The use of the mouse salivary amylase signal peptide (or a mutant thereof) to 
provide secretion of heterologous proteins expressed in yeast has been described 
in Published PCT Applications Nos. WO 89/02463 and WO 90/10075, which are 
hereby incorporated by reference. 

U.S. Patent No. 5.726,038 describes the use of the signal peptide of the 

1 5 yeast aspartic protease 3. which is capable of providing improved secretion of 
proteins expressed in yeast. Other leader sequences suitable for facilitating 
secretion of recombinant polypeptides from yeast hosts are known to those of 
skill in the art. A leader sequence may be modified near its 3' end to contain one 
or more restriction sites. This will facilitate fusion of the leader sequence to the 

20 structural gene. 

Yeast transformation protocols are known to those of skill in the art. One 
such protocol is described in Hinnen et al. (59). The Hinnen et al. protocol selects 
for Trp transformants in a selective medium, wherein the selective medium 
consists of 0.67% yeast nitrogen base, 0.5% casamino acids. 2% glucose, 10 

25 |ig/ml adenine and 20 |ig/ml uracil. 

The gene may be maintained on stable expression vector, an artificial 
chromosome, or by integration into the yeast host cell chromosome. Integration 
into the chromosome may be accomplished by cloning the phytase gene into a 
vector which will recombine into a yeast chromosome. Suitable vectors may 

30 include nucleotide sequences which are homologous to nucleotide sequences in 
the yeast chromosome. Alternatively, the phytase gene may be located between 
recombination sites, such as transposable elements, which can mobilize the gene 
into the chromosome. 



WO 00/58481 



PCT/US00/08590 



- 11 - 

The present invention also provides a method of producing phytase by 
providing an isolated phosphatase gene ; which encodes a protein or polypeptide 
with phytase activity, and expressing the gene in host cell. The phosphatase 
preferably is a microbial phosphatase. In a more preferred embodiment, the 
5 microbial phosphatase is an Escherichia coli phosphatase. Also preferred are the 
microbial phosphatases, AppA and AppA2. 

A method of converting phytate to inositol and inorganic phosphorus is 
also provided. An appA gene is isolated from an organism, using techniques well 
known in the art. A protein or polypeptide with phytase activity is then expressed 
1 0 from the gene in a host cell. The resulting protein or polypeptide is mixed or 
contacted with phyate. This technique is especially useful for treating phytate in 
food or animal feed. 

The preferred appA gene is isolated from Escherichia coli. 

While the phytase enzyme produced in a yeast system released phytate-P 
1 5 from corn and soy as effectively as the currently commercial phytase, it appeared 
to be more thermostable. This phytase overexpression system in yeast can be used 
to provide thermostable phytase for use in the food and feed industries. 

EXAMPLES 

20 

Example 1 - Materials and Methods for Examples 2-6 

Expression of r-AppA. The appA gene (Genebank accession number 
M58708) was obtained from E. coli BL21 strain transformed by an expression 
vector pAPPAl (20). A 1 .35 kb DNA fragment containing the coding region of 
25 appA was amplified by PCR following the manufacturer instructions (Perkin 
Elmer). Primers were derived from 5' and 3' regions of the nucleotide sequence 
(18), and include: E2 [forward: 242-252]: 

5 r GG A ATTCC AG AGTG AGCCGG A3 ' (SEQ. ID. No. 2) and K2 [reverse: 1468- 
1490]: 5'GGGGTACCTTACAAACTGCACG3 , (SEQ. ID. No. 3). These two 
30 primers were synthesized by the Cornell University Oligonucleotide Synthesis 
Facility (Ithaca, NY). The amplified product was sliced from a 1% agarose gel, 
and eluted with GENECLEAN II kit (BiolOl). The purified fragment was first 
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cloned into pGEM T-easy vector (Promega), and then inserted into the yeast 
expression vector pPIcZaA (Invitrogen) at EcoRl site. E. coli strain TOPI OF* 
(Invitrogen) was used as an initial host to amplify these two constructs. The 
pPIcZaA vector containing appA was transformed into P. pastoris strain X33 by 

5 electroporation according to the manufacturer's instructions (Invitrogen). The 
transformed cells were plated into YPD-Zeocin agar medium and positive 
colonies were incubated in minimal media with glycerol (BMGY) for 24 h. When 
the yeast cell density reached 2.5 X 10 8 cells/ml (OD 600 = 5), the cells were 
centrifuged and suspended in 0.5 % methanol medium (BMMY) to induce the 

10 appA gene expression. Total yeast genomic DNA was extracted from the 

transformed X33 cells after induction and used as a template to check the presence 
of the appA gene by PCR using the same primers as described above. The 
amplified DNA fragment was sequenced at the Cornell University DNA Services- 
Facility using Taq Cycle automated sequencing with Dye Deoxy terminators 

1 5 (Applied Biosystems, Forster City, C A). 

Purification ofr-PhyA andr-AppA. r-PhyA was obtained from BASF 
(Mt Olive, NJ). Both r-PhyA and r-AppA enzymes were initially suspended into 
50 mM Tris-HCI, pH 7, and ammonium sulfate was added to 25% of saturation. 
After the mixture was centrifuged (25.000 g, 20 min), the supernatant was saved 

20 and ammonium sulfate was added to 75% of saturation. Then, the mixture was 
centrifuged (25,000 g, 20 min) and the pellet was suspended into 10 mL of 25 mM 
Tris-HCI, pH 7. The suspension was dialyzed overnight against the same buffer 
and loaded onto a DEAE-Sepharose column (Sigma) equilibrated with 25 mM 
Tris-HCI, pH 7. Proteins were diluted with 0.2 M NaCl, 25 mM Tris-HCI, pH 7 

25 after the column was washed with 200 n-LL of 25 mM Tris-HCI, pH 7. All the 
collected fractions were assayed for phytase activity and protein concentration 
(21). The whole purification was conducted at 4°C, and the fractions were stored 
at -20°C before analysis. 

Proteolysis and protein electrophoresis. The purified r-AppA and r-PhyA 

30 (2 mg/mL) were incubated with different amounts of pepsin and trypsin following 
the manufacturer instructions (Sigma). Pepsin (800 units/mg protein) and trypsin 
(1,500 BAEE units/mg protein) were dissolved into 10 mM HC1, pH 2 (0.1 
mg/mL)-and 80 mM ammonium bicarbonate, pH 7.5 (0.1 mg/mL), respectively. 
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One BAEE unit was defined as 0.001 absorbance change at 253 nm per minute at 
pH 7.6 and 250C, with BAEE as a substrate. In a final volume of 100 juL, 10 \ig 
of purified r-PhyA (0.1 PU) or r-AppA (0.08 PU) was incubated with trypsin or 
pepsin at protease/phytase (w/w) ratios ranging from 0.001 to 0.01, at 37°C for 1 
5 to 120 min. The reaction was stopped on ice and the pH of the mixture was 

adjusted to 8 for protein electrophoresis and phytase activity assay. The digested 
protein mixtures were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide 
or urea-SDS-polyacrylamide gel electrophoresis as previously described (22, 23). 
Phytase activity and hydrolysis of phytate phosphorus from soybean meal 

1 0 Phytase activities of both r-PhyA and r-AppA, prior to or at various time points of 
proteolysis, were determined as previously described (24). The released inorganic 
phosphorus (IP) was assayed by the method of Chen et al. (25). One phytase unit 
(PU) was defined as the activity that releases 1 jamol of iP from sodium phytate 
per minute at 37°C. To confirm the proteolytic effects of trypsin and pepsin on 

1 5 the residual activities of r-PhyA and r-AppA, the hydrolysis of phytate phosphorus 
from soybean meal by these two enzymes incubated with different amounts of 
trypsin or pepsin was monitored. In a 5 mL total reaction, 0.5 mg of the purified 
r-PhyA (5 PU) or r-AppA (4 PU) was incubated with 1 g soybean meal and pepsin 
in 10 mM HCI, pH 2.5 or trypsin in 0.2 M citrate, pH 6.8 at 3 VC for 2 h. The 

20 released iP was determined as described above. 

Example 2 - Preparation of r-AppA and r-PhyA. 

Over 30 colonies of X33 transformed with the appA gene expressed 
25 extracellular phytase activity that hydrolyzes sodium phytate. Colony 26 had the 
highest activity (88 U/mL) and was chosen for further studies. After the r-PhyA 
and the r-AppA samples were eluted from the DEAE-Sepharose column, 45 
fractions of 4 mL each were collected for both enzymes to assay for phytase 
activity. The fractions used for proteolysis had a specific phytase activity of 9.6 
30 and 8. 1 U/mg of protein for the r-PhyA and r-AppA, respectively. 
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Examnle 3 - Effects of Trypsin Digestion on the Phytase Activities of Both 
Enzymes. 

After 2 hour trypsin digestion, there were significant differences in the 
5 residual phytase activities between the r-PhyA and the r-AppA (Figure 1 A). 
Although both enzymes retained more than 85% of their original activities at the 
trypsin/phytase ratios of 0.00 1 and 0.005, r-AppA lost 64 and 74% of its original . 
activity at the ratio of 0.01 and 0.025, respectively. Meanwhile, r-PhyA lost only 
14 and 23% of its original activity, respectively. Because of the apparent 
1 0 difference in sensitivities of these two enzymes to trypsin digestion at the ratio of 
0.01 . a time course study was conducted with this ratio. Up to 2 hour trypsin 
digestion. r-PhyA still retained 90% of its original activity (Figure 2). In contrast, 
r-AppA lost 64, 77, 87, and 95% of its original activity after 1, 5, 30 ? and 120 
minute digestion, respectively. 

15 

Example 4 - Effect of Pepsin Digestion on the Phytase Activities of Both 
Enzymes. 

After 2 hour pepsin digestion, the residual phytase activity of r-AppA was 
20 totally unexpected. At the ratios of 0.001 and 0.002, the phytase activity either 
remained unchanged or slightly increased. At the ratios of 0.005 and 0.01, the 
phytase activity was enhanced by 30% compared with the initial value. However, 
r-PhyA lost 58 and 77% of its original activity at these two high ratios (Figure IB). 
Because significantly different responses between r-PhyA and r-AppA at the ratio 
25 of 0.005, this ratio was used for a follow-up time course study. There was a 
stepwise increase in phytase activity along with time when the r-AppA was 
incubated with pepsin from 0 to 30 min. Thereafter no further increase was 
observed (Figure 2). However, r-PhyA lost 42, 73, 82, and 92% of its original 
activity after 1, 5, 30, and 120 minute incubation, respectively. 

30 

Example 5 - SDS-poIyacrylamide gel electrophoresis. 

When r-AppA was incubated with trypsin, the enzyme protein was 
degraded at the ratios above 0.01 and was invisible at the ratio of 0.025. There 
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was a major band of approximately 28 kDa, with several other bands between this 
band and the intact protein in the three low ratios of trypsin. However, that major 
band was clearly reduced and the other bands disappeared at the highest ratio of 
trypsin (Figure 3 A). There were many intermediary bands when the r-PhyA was 

5 incubated with various amounts of trypsin and there were at least three visible 
bands at the highest ratio of trypsin (Figure 3B). A unique band of approximately 
8.4 kDa was shown when r-AppA was incubated with pepsin at the ratio above 
0.002 (Figure 4A). On the other hand, proteolysis of r-PhyA by various amounts 
of pepsin resulted in many diffused and smearing bands, in addition to a major 

1 0 fragment of approximately 1 4 kDa (Figure 4B). 

Example 6 - Effects of Proteolysis on Phytate-Pbosphorus Hydrolysis by 
r-PhyA and r-AppA, 

1 5 When r- AppA was incubated with soybean meal and different amounts of 

trypsin for 2 h at 37°C, the reduction in iP released from soybean meal was 3, 13, 
34, and 52%, at the ratio of 0.001, 0.005, 0.01, and 0.025, respectively (Figure 
5A). Meanwhile, the reduction for r-PhyA at the same condition was 3, 6, 13, and 
28%, respectively. Adding pepsin to r-AppA (ratio 0.005) and the soybean meal 

20 mixture resulted in approximately 30% increase in iP released from soybean meal, 
compared with the control (Figure 5B). In contrast, the same treatments produced 
more than 50% reduction in iP release by r-PhyA. 

To date, there have been no specific data on sensitivities of microbial 
phytases to trypsin and pepsin. In this study, two partially purified recombinant 

25 phytases were exposed to single protease digestions, and measured the effects of 
proteolysis on their residual activities and their capacity of releasing phytate 
phosphorus from soybean meal. These results have demonstrated that r-PhyA is 
more resistant to trypsin and less resistant to pepsin than r-AppA. The proteolytic 
patterns of these two phytases, shown by SDS-PAGE analysis, are also distinctly 

30 different. Presumably, these different susceptibilities to proteases between r- 
PhyA and r-AppA may be associated with their characteristics of primary amino 
acid sequence and peptide folding, because there is a low homology (-15%) of 
amino acid sequences between these two enzymes (17, 18). However, caution 
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should be given in consideration of the molecular mechanism of phytase 
proteolysis, which is beyond the original scope of the present study. Recent 
progress in crystallization and (or) preliminary X-ray analysis of the phyA phytase 
(26) and an £. coli phytase (27) would help us in understanding the structural 

5 basis for their proteolytic responses. 

Unexpectedly, r-AppA showed a 30% increase in residual phytase activity 
after pepsin digestion. Likewise, this enzyme also released 30% more iP from 
soybean meal in the presence of pepsin. From the SDS-PAGE analysis, r-AppA 
was clearly degraded into small peptides by pepsin along different periods of 

1 0 incubation. Likely, there may be potential pepsin resistant polypeptides with 

higher phytase activity than the intact r-AppA protein. Although the SDS-PAGE 
analysis did not offer us any specific information on such peptides, pepsin has 
been shown to convert natural or synthetic proteins in active polypeptides, such as 
converting porcine endothelin to active 21 -residue endothelin (28). Pepsin may 

1 5 also modulate the structure and functions of certain proteins (29, 30). As 

mentioned above, the availability of the recent crystallization data on the phyA 
(26) and the E. coli phytases (27) would facilitate targeting site-directed 
mutageneses or deletions of the appA gene. Thereby, it may be possible to unveil 
the molecular mechanism for the increase of phytase activity of r- AppA 

20 associated with pepsin hydrolysis. In spite of the biochemical uncertainty of the 
pepsin resistant r-AppA peptides, this finding has a great nutritional implication. 
Because pepsin, a well described aspartic protease, is the major protease in the 
stomach (31), a pepsin resistant phytase polypeptides could allow us to 
supplement a low level of enzyme to the diets with sufficient activity. Thus, 

25 expense for use of dietary phytase in animal production will be reduced. 

It is difficult to compare the activity levels of proteases used in the present 
study with those at the physiological conditions, because the in vivo 
concentrations of pepsin and trypsin have not been well described. An average 
trypsin activity of 20 to 25 U/mg of protein has been reported in the intestine of 

30 pig (32), which is much higher than the doses used herein. However, multiple 
levels of trypsin and pepsin were used, with 10 to 25 fold range differences 
between the lowest and highest levels. In addition, the iP release from soybean 
meal by-r-AppA or r-PhyA was measured in the presence of pepsin or trypsin, a 
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simulated in vivo digestive condition. Although both r-AppA and r-PhyA were 
partially purified, all the data consistently point toward distinct responsive 
patterns of these two recombinant enzymes to pepsin and trypsin. Thus, this in 
vitro observation could be relevant to physiological conditions. 

5 

Example 7 - Materials and Methods for Examples 8-12 

Isolation and identification of phytase producing bacterium colonies. 
Colon contents were obtained from crossbreed Hampshire- Yorkshire-Duroc pigs 

10 (13 weeks of age) raised under confinement at Cornell University Swine Farm. 
These pigs were fed a practical corn-soybean meal diet. Immediately after the 
pigs were killed, the content of colon was removed by aseptic procedures and kept 
in anaerobic, sterile plastic bags. A 10 g sample was diluted with 190 ml of an 
anaerobic rumen fluid glucose medium in a 250 ml rubber-stoppered Erlenmeyer 

1 5 flask. The mixture was shaken vigorously for 3 min under a CO2 atmosphere. 
Serial successive dilutions were made accordingly. 

Diluted samples were cultured at 37°C for 3 days in a modified rumen 
fluid-glucose-cellobiose-Agar medium containing insoluble calcium phytate (43, 
44). Colonies with a clear zone were tested as a potential producer of intra and 

20 extracellular phytase activity. Phytase activity was measured using sodium 

phytate as a substrate (24). One phytase unit (PU) was defined as the activity that 
releases one jamole of inorganic phosphorus from sodium phytate per minute at 
37°C. Acid phosphatase activity was assayed using p-nitrophenyl phosphate (P- 
NPP) as a substrate according to the manufacturer instructions (Sigma, St Louis, 

25 MO). Identification of the selected colony was conducted in the Diagnostic 
Laboratory of Cornell Veterinary College (Ithaca, NY). Morphological and 
physiological characteristics of the isolated colony were determined by standard 
procedures. 

DNA amplification and sequencing. Because the colony that produced the 
30 highest acid phosphatase and phytase activities was identified as an E. coli strain, 
primers derived from the DNA sequence of £ coli pH 2.5 acid phosphatase gene 
(appA, GeneBank Accession number 145283) (18) were used to isolate the gene. 
Primers^fl [forward: 1-22]: 
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5 '-TAAGGAGCAGAAAC AATGTGGT-3 ' (SEQ. ID. No. 4), E2 [forward: 254- 
264]: 

5'-GGAATTCCAGAGTGAGCCGGA-3' (SEQ. ID. No. 5), and K2 [reverse: 
1468-1491]: 

5 5 '-GGGGTACCTTACAAACTGCACG-3 ' (SEQ. ID. No. 6) were synthesized at 
the Cornell University Oligonucleotide Synthesis Facility. The whole sequence 
and the coding region were amplified using [Pfl -K21 and [E2-K2] primers, 
respectively. The PCR reaction mixture (100 |il,) contained 500 ng of genomic 
DNA as template, 100 pmole of each primer, 5 U of Ampli7a<7 DNA polymerase 

10 (Perkin Elmer, Norwalk, CT), 1 0 mM Tris-HCl pH 8.3, 5 0 mM KCI, 12.5 mM 
MgC12, and 200 \xM each dNTPs (Promega, Madison, WI). The reaction was 
performed by the GeneAmp PCR system 2400 (Perkin Elmer). The thermal 
program included 1 cycle at 94°C (3 min), 30 cycles of [94°C (0.8 min), 54°C (1 
min) and 72°C (2 min)] and 1 cycle at 72°C (10 min). Amplified PCR products 

15 were resolved by 1% low melting agarose (Gibco BRL, Grand Island, NY) gel 
electrophoresis. A gel slice containing the expected size band was excised and 
DNA was eluted with GENECLEAN II kit (BiolOl, Vista, CA). The PCR 
products were sequenced at the Cornell University DNA Service Facility using 
Taq Cycle automated sequencing with Dye Deoxy terminators. (Applied 

20 Biosystems. Forster City, CA). Sequencing experiments were performed five 
times and the deduced amino sequence was aligned with other acid phosphatases 
and phytases using the Multi-align Program CLUSTAL BLAST (45). The two 
identified PCR fragments [Pfl-K2] and [E2-K2] were described, respectively, as 
appA2 and appA2 in the following text. For comparative purposes, the appA gene 

25 was amplified from E. coli BL21 (DE3) using the primers [E2-K2]. The PCR 
reactions and the resulting fragments were processed as described above. 

Subcloning and construction of expression vectors. The PCR products 
[E2-K2] and [Pfl-K2] were cloned into pGEM®T-easy vector (Promega) 
according to the manufacturer instructions and transformed into TOPI OF to screen 

30 for positive colonies. The isolated appA2 and appA fragments were inserted into 
the pPICZaA (Invitrogen, San Diego, CA) at the EcoRl and Kpnl sites, as 
described by the manufacturer instruction. The constructs were transformed into 
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TOP10F cells which were plated on LB medium containing 25 |ig zeocin/ml. The 
positive colonies were then grown to prepare DNA for transformation. 

Yeast transformation and expression. Pichia pastoris strain X33 
(Invitrogen) were grown in YPD medium and prepared for transformation, 

5 according to the manufacturer instructions. Two jig of plasmid DNA was 

linearized using Bglil and then transformed into Pichia by electroporation. After 
incubation for 3 h at 30°C in 1 M sorbitol without agitation, cells were plated in 
YPD-zeocin agar medium to screen integration of the transformed gene into the 
5'AOXl region of the host chromosomal DNA. After 2 days, transformants were 

10 incubated in minimal media with glycerol (GMGY medium) for 24 h. After the 
culture reached a density of about 2.5 10 8 cells/ml (OD 6 oo = 5), the cells were spun 
down (3500g, 5 min) and then suspended in 0.5% methanol medium (GMMY) to 
induce the phytase gene expression. 

RNA quantification. Total RNA was extracted from the appA2 

1 5 transformants at different times after induction. The RNA was separated in 1 % 
formaldehyde-agarose gel, transferred onto Hybond N+ membrane (Amersham 
Pharmacia Biotech, Piscataway, NJ) by capillary blotting and UV cross-linked for 
2 min. The membrane was then pre-hybridized for 4 h at 42°C. The probe was 
the appA2 [E2-K2] PCR fragment, and was labeled with [a- 32 P]-dCTP (DuPont, 

20 Boston, MA) using Ready-To-Go TM DNA Labeling Beads (Amersham 

Pharmacia Biotech). The membrane was hybridized with the probe overnight at 
42°C, and washed three times for 20 min at 25°C and twice at 50°C in 2X SSC 
(0.15 M NaCl, 0.015 M sodium citrate), 1% sodium dodecyl sulfate (SDS), and 
finally twice at 50°C in 0.2X SSC, 0.1% SDS. The autoradiogram was produced 

25 by exposing the membrane to an intensifying screen of BAS-III FUJI Imaging 

plate (Fuji, Japan) for 10 h and quantified using a Bio-Imaging Analyzer (Kohshin 
Graphic Systems, Fuji, Japan). Results were normalized by the relative levels of 
1 8S rRNA. 

Purification of the expressed enzymes. All operations were carried out at 
30 4°C. Both expressed r-appA and r-appA2 enzymes,.and the r-phyA phytase 

expressed in A. niger (kindly provided by BASF, Mt. Olive, NJ), were suspended 
in 50 raM Tris-HCI, pH 7 with 25% saturation of ammonium sulfate. The 
suspension was then centrifuged at 25,000g for 20 min. The supernatant was 
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mixed with 75% saturated ammonium sulfate under agitation for 12 h, and the 
mixture was centrifiiged at 25,000g for 20 min. The pellet was then suspended in 
10 ml 25 mM Tris-HCI, pH 7 and dialyzed overnight against the same buffer. 
The dialyzed sample was loaded onto a DEAE-Sepharose column (Sigma) 

5 equilibrated with 25 mM Tris-HCI, pH 7. After the column was washed with 200 
ml of the same buffer, the bound phytase was eluted with 1 M NaCl in 25 mM 
Tris-HCI, pH 7. Three fractions exhibiting the highest phytase and acid 
phosphatase activities were pooled and dialyzed against 25 mM Tris-HCI, pH 7.5 
overnight for the following studies. 

10 Electrophoretic analysis. Protein concentration was measured by the 

Lowry's method (21). Non-denaturing gel electrophoresis and SDS-PAGE (15%) 
were performed as described by Laemmli (22). Proteins in SDS-PAGE were 
stained with Coomassie brillant blue R-250. Acid phosphatase or phytase activity 
in bands of the non-denaturing gel was detected as described previously (17). 

15 After electrophoresis, the gel was incubated for 20 min at 25°C in 0.2% a- 19 
naphtylphosphate (or sodium phytate), 0.1% Fast Garnet GBC salts, 1 mM 
CaC12, and 0.5 M Tris-HCI buffer pH 7.0. 

Deglycosylation of the enzymes. Deglycosylation of r-appA2 was done 
using 0.3 IU of endoglycosidase H/(Endo H/) for 4 h at 7°C according to the 

20 manufacturer instructions (New England Biolabs, Beverly, MA). The 

deglycosylated proteins were analyzed in a 15% SDS-PAGE as described above. 

Enzyme properties and hydrolysis of phytate phosphorus in soybean meal 
Phytase activity at different pH was determined at 33°C, using three different 
buffers. The temperature optimum for each enzyme was determined at its optimal 

25 pH. The K m and V^, values for r-appA2 and r-appA were determined at the 
optimal pH of each enzyme and 37°C. Hydrolysis of phytate phosphorus by r- 
appA2 was compared with that of r-appA and r-phyA. Different amounts of the 
purified enzymes were incubated with 1 g soybean meal in a 5 mL buffer (10 mM 
HCI or 0.2 M citrate) at their respective optimal pH (2.5 for r-appA, 3.5 for r- 

30 appA2, and 5.5 for r-phyA) at 37°C for 2 h. The released inorganic phosphorus 
was determined as previously described (25). Thermostabilities of these three 
enzymes were compared. Each of the enzymes (2 mg/ml) was diluted 1 :200 in 0.2 
M sodium citrate, pH 5.5, and incubated for 20 min at 25, 37, 55, 65, 80 and 
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100°C. The samples were placed on ice for 30 min and the remaining phytase 
activity was measured at 37°C. 

Statistical test employed The Mann-Withney U-test was used for all the 
statistical evaluations (46). 

5 

Example 8 - Bacterial Colony Screening and Identification. 

A total of 93 colonies were isolated. Over 70 colonies had intracellular 
phytase activity less than 500 U/g protein, and 6 colonies had activities greater 

1 0 than 1 ,000 U/g protein. Colony 88 demonstrated the highest phytase activity 

(2,927 U/g protein), with an acid phosphatase activity (1,391 U/g protein). Thus, 
it was chosen for further experiments. The production of phytase and acid 
phosphatase activities by the colony was greater in Sweet E than LB broth and 
greater at anaerobic than aerobic conditions. Subsequently, the colony was 

1 5 identified as a gram negative E. coli. This was confirmed, in particular, by the 
substrate fermentation profile. 

Example 9 - Cloning and Sequencing of the Pig E. coli appA2 Gene. 

20 A 1482 bp (whole) and a 1241 bp (coding region) fragments were 

amplified from the genomic DNA of Colony 88 (Figure 6). Except for the E. coli 
appA gene and the Bacillus phytase gene, no significant sequence homologies 
were found in the GenPro databank (version 61), GeneBank or EMBL databases 
using BLAST program. The whole nucleotide sequence had 47 and 95% 

25 homology with the Bacillus sp. DS 1 1 phytase gene (GeneBank accession number 
3150039) and E. coli appA, respectively. In spite of such a high nucleotide 
sequence homology, there were distinct differences between appA and appA2 and 
their encoding polypeptides. First, seven amino acids were different in the 
deduced peptide sequences: one in the signal peptide, L4F; six in the coding 

30 region, S 1 02P, P 1 95S, S 1 97L, K202N, K298M, and T299A. Second, the 73 bp 
untranslated region, located between the lead sequence and coding region, was 
shorter by 6 bp than that of appA. However, the three putative N-glycosylation 
sites were still located in the coding region at the same place. The DNA fragment 
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was sequenced for five times to verify these differences. Compared with phyA, 
appA2 had only a 19% of amino acid sequence homology. The sequence has been 
transmitted to GeneBank data library with the accession number 250016. 

5 Example 10 - Expression of app A2 in Pichia pastoris. 

A total of 42 transformants were analyzed for phytase and acid 
phosphatase activities at various intervals. Three days after methanol induction, 
13 transformants produced phytase activity from 18 to 1 14 U/mL of medium and 

1 0 acid phosphatase activity from 7 to 42 U/mL. Meanwhile. 22 appA transformants 
expressed phytase activity from 25 to 130 U/mL and acid phosphatase activity 
from 59 to 85 U/mL. The appA2 transformant that demonstrated the highest 
activities was used in the expression time course (Figure 7) and other studies. The 
appA2 mRNA level reached the peak at 4 h (Figures 7 and 8), remained high until 

15 12 h, and thereafter declined significantly. No appA2 mRNA signal was detected 
in the control cells. Both the extracellular phytase and acid phosphatase activities 
produced by the transformant increased sharply between 0 and 24 hours. 
Thereafter, the acid phosphatase activity remained nearly unchanged while 
phytase activity increased much less over time than that at the earlier phase. 

20 

Example 11 - Characterization of the Purified Enzymes. 

The specific phytase activity of the purified r-appA2, r-appA, and r-phyA 
enzymes was 28.9, 30.7, and 19.8 U/mg protein, respectively. The purified r- 
25 appA2 demonstrated a higher affinity for sodium phytate than pNNP, as shown by 
the K m and W max values (Table 1). When sodium phytate was used as the 
substrate, the pH curve was significantly different among the three enzymes. 
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TABLE1 

Kinetic parameters of the purified r-appA and r-appA2 expressed in Pichia 



pastoris 





r-appA 


r-appA2 


K m , mM 






Sodium phytate 


1.03 


0.66 


p-NPP 


2.26 


1.43 


Vmzx, fimole min "' mg" 1 






Sodium phytate 


89 


117 


p-NPP 


310 


340 



5 

The pH optimum was between 2.5 and 3.5 for r-appA2, 2.5 for r-appA, and 2.5 
and 5.5 for r-phyA phytase (Figure 9). However, the two E. coli enzymes 
demonstrated the same pH optimum (2.5) for the substrate pNNP. In addition, 
both r-appA and r-appA2 had the same temperature optimum (55°C) which was 

10 slightly lower than that of r-phyA. These two enzymes also had very similar 
thermostabilities of phytase activity which were slightly higher between 37 and 
60°C and lower between 65 and 100°C than that of r-phyA. The acid phosphatase 
activity of r-appA2 that remained after different temperature treatments was 
shown in the non-denaturing gel, as a unique band of 71 kDa (Figure 10). The 

15 activity was largely or completely lost at 65 or 80°C, but somehow recovered 

partially at 100°C. When the three purified recombinant enzymes were incubated 
with soybean meal, r-appA2 protein released significantly more phosphorus from 
phytate than the other two enzymes (Figure 11). 

20 Example 12 - Effects of Deglycosyiation on Enzyme Properties. 

After the three purified enzymes were treated with P-mercaptoethanol and 
Endo H/, more than 90% of their activities for both sodium phytate and pNNP 
were lost. But, Endo H/ alone had no significant effect on their catalytic activities. 
25 Deglycosyiation of r-appA2 resulted in a single band with an apparent Mr of 46.3 
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kDa from three distinguished bands for the glycosylated forms with apparent Mr 
of 50.5, 53 and 56 kDa. This gave a range of glycosylation for r-appA2 between 
8.3 and 17.3%. 

In the above examples, a phytase-producing E. coli strain was isolated 

5 from the pig colon content. Using primers based on the £. coli pH 2.5 acid 

phosphatase gene (appA) described by Dassa et al. (1 8), a 1487 bp DNA fragment 
was amplified from the genomic DNA of the strain. This fragment, designated as 
appA2. encodes a protein of 433 amino acids with 3 putative N-glycosylation 
sites. The deduced peptide contains both the N-terminal motif (RHGXRXP, 

10 position: 38-44) (SEQ. ID. No. 7) and the C-terminal motif (HD, position: 325- 
326), characteristic for histidine acid phosphatases (8). In addition, there is a lead 
sequence of 30 amino acids and an untranslated region of 73 bp. Among the 
available sequence databases, only the £. coli appA pH 2.5 acid phosphatase and 
the Bacillus sp. DS1 1 phytase genes share some homology with appA2 (95% and 

1 5 47% in nucleotide sequence, respectively). In spite of the high homology between 
appA and appA2, there are distinct differences between these two genes and their 
respective proteins. First, seven amino acids differ between the two deduced 
polypeptide sequences: one within the signal peptide and six in the coding region. 
Second, the 73 bp untranslated region between the lead sequence and the coding 

20 region was shorter by 6 bp than that of appA . All those differences have been 
confirmed by five repetitive nucleotide sequencing analysis. 

More importantly, when these two genes are transformed into the same 
host, Pichia pastoris, the expressed proteins r-appA and r-appA2 show differently 
biochemical characteristics. Although both exhibit the same pH optimum of 2.5 

25 for pNNP, r-appA2 has a broad pH optimum between 2.5 and 3.5 while r-appA 
had it at 2.5 for sodium phytate. Compared with r-appA, the r-appA2 has a higher 
affinity for both substrates, as shown by the lower K m and higher V max values, and 
releases more phosphorus from phytate in soybean meal in vitro. Thus, the 
catalytic function of r-appA2, towards phosphorus hydrolysis from phytate or 

30 phosphate, seems to be better than that of r-appA. Apparently, the six amino acid 
exchanges in the polypeptide may not be not just a polymorphism of the enzyme, 
but rather responsible for the observed kinetic differences. Thus, it seems 
reasonable to state that the appA2 is a different gene from appA, although a more 
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defined structural analysis is needed to elucidate the relationship between specific 
amino acid exchanges and functional alterations of these two enzymes. It will be 
necessary to produce the crystal of both enzymes first for future structural studies 
(27). 

5 Previously, several E. coli enzymes have been reported to hydrolyze pNNP 

or sodium phytate (1 8, 19, 39-41). Greiner et al. (39) characterized two E. coli 
phytases (PI and P2). They found that the purified E. coli phytase P2 shares a 
great identity with the £ coli pH 2.5 acid phosphatase in the N-terminal sequence, 
chemical properties, and kinetics. Thus, they suggested that these two enzymes 

10 might be the same protein and the E. coli pH 2.5 acid phosphatase should better be 
regarded as a phytase. Indeed, both r-appA acid phosphatase and r-appA2 are not 
only able to hydrolyze phytate in the pure chemical form or in the natural food, 
but also have a higher affinity for sodium phytate than pNNP. Therefore, these 
two enzymes could be classified as phytases. 

1 5 Compared with the purified phytase P2 (39), r-appA2 has the same 

optimum temperature (55°C) and similar molecular mass after deglycosylation 
(46.3 kDa). Based on the SDS-PAGE and non-denaturing gel analyses, the 
protein is also monomeric. However, r-appA2 has a more acidic pH optimum (2.5 
to 3.5 vs. 4.5 for P2) and contains 8 to 14 % of sugar moieties because of the N- 

20 glycosylation in Pichia. Deglycosylation of r-appA2 with Endo H f reduces the 
molecular size but has a minimal effect on its activity. In contrast, when the 
protein is incubated with P-mercaptoethanol and Endo Hf, the phytase and acid 
phosphatase activities of r-appA2 are considerably reduced. This indicates that 
disulfide bonds are required for its phytase activity as previously shown for the A. 

25 flcuum phytase (47). 

Although preferred embodiments have been depicted and described in 
detail herein, it will be apparent to those skilled in the relevant art that various 
modifications, additions, substitutions, and the like can be made without departing 
from the spirit of the invention and these are therefore considered to be within the 

30 scope of the invention as defined in the claims which follow. 
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What is claimed: 

1 . A phosphatase fragment having improved phytase activity 
comprising: 

5 a fragment of phosphatase having increased phytase activity produced by 

treating phosphatase with a protease. 

2. The phosphatase fragment according to claim 1 , wherein the 
phosphatase is a microbial phosphatase. 

10 

3. The phosphatase fragment according to claim 2, wherein the 
microbial phosphatase is an Escherichia coli phosphatase. 

4. The phosphatase fragment according to claim 2, wherein the 
1 5 microbial phosphatase is AppA. 

5. The phosphatase fragment according to claim 2, wherein the 
microbial phosphatase is AppA2. 

20 6. The phosphatase fragment according to claim 1 , wherein the 

protease is pepsin. 

7. The phosphatase fragment according to claim 1 , wherein the 
phosphatase is expressed in yeast. 

25 

8. The phosphatase fragment according to claim 7, wherein the yeast 
is Pichia pastoris. 

9. The phosphatase fragment according to claim 7, wherein the yeast 
30 is Saccharomyces cerevisiae. 



10. The phosphatase fragment according to claim 1 , wherein the 
fragment is encoded by a recombinant gene comprising: 
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a promoter; 

a coding region encoding the phosphatase fragment according to claim 1 ; 

and 

a terminator. 

5 

11. An improved animal feed comprising the phosphatase according to 
claim 1. 

12. A recombinant gene encoding a phosphatase fragment having 
1 0 improved phytase activity, comprising: 

a promoter; 

. a coding region encoding the phosphatase fragment according to claim 1 ; 

and 

a terminator. 

15 

13. A vector carrying the gene according to claim 1 2. 

14. A host cell transformed with the vector according to claim 13. 

20 15. The host cell according to claim 1 4, wherein the host cell is yeast. 

1 6. The host cell according to claim 1 5, wherein the yeast is Pichia 
pastoris. 

25 17. The host cell according to claim 1 5, wherein the yeast is 

Saccharomyces cerevisiae. 

18. A method of increasing the phytase activity of phosphatase, 
comprising: 

30 treating the phosphatase with a protease. 

1 9. The method according to claim 1 8, wherein the phosphatase is a 
microbial phosphatase. 
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20. The method according to claim 19, wherein the microbial 
phosphatase is an Escherichia coli phosphatase. 

5 2 1 . The method according to claim 1 9, wherein the microbial 

phosphatase is AppA. 

22. The method according to claim 19, wherein the microbial 
phosphatase is AppA2. 

10 

23. The method according to claim 1 8, wherein the protease is pepsin. 

24. The method according to claim 1 8, wherein the phosphatase is 
expressed in yeast. 

15 

25. The method according to claim 24, wherein the yeast is Pichia 
pastoris. 

26. The method according to claim 24, wherein the yeast is 
20 Saccharomyces cerevisiae. 

27. A phosphatase having improved phytase activity, comprising: 

a polypeptide having an amino acid sequence as shown in SEQ. ID No. 1 . 

25 28. The phosphatase according to claim 27, wherein the phosphatase is 

expressed in yeast. 

29. The phosphatase according to claim 28, wherein the yeast is Pichia 
pastoris. 

30 

30. The phosphatase according to claim 28, wherein the yeast is 
Saccharomyces cerevisiae. 
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31. The phosphatase according to claim 27, wherein the phosphatase is 
encoded by a recombinant gene comprising: 

a promoter; 

a coding region encoding the phosphatase according to claim 27; and 
5 a terminator. 

32. An improved animal feed comprising the phosphatase according to 
claim 27. 

10 33 . An isolated nucleic acid molecule encoding the phosphatase 

according to claim 27. 

34. A vector carrying the nucleic acid molecule according to claim 33. 
15 35. A host cell transformed with the vector according to claim 34. 

36. The host cell according to claim 35, wherein the host cell is yeast. 

37. The host cell according to claim 36, wherein the yeast is Pichia 
20 pastoris. 

38. The host cell according to claim 37, wherein the yeast is 
Saccharomyces cerevisiae. 
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